ABSTRACT In this paper, we discuss the problem of motion synchronization for a formation of marine vessels with the unknown, external disturbance. A novel distributed control algorithm is proposed, which comprises a disturbance observer and a synchronization controller. The disturbance observer is constructed for estimating the unknown time-variant disturbance from the external environment, such as wind, wave, and ocean current. The synchronization controller is designed to compensate for the synchronization error between the vessels and the tracking error of the desired trajectory. By distributed, we mean that each vessel can execute the algorithm with only the knowledge of the local information broadcast by its neighbors within the communication network of the formation, though reasonably, certain bounds determined by limited centralized information are known. By modeling the network topology of the formation as a directed graph, we show that global synchronization of the vessel formation can be achieved if the gains in both disturbance observer and synchronization controller satisfy certain lower bounds. We further introduce a constant time delay to the communication process to validate the robustness of our proposed algorithm. The simulations of a four-vessel formation are provided to verify the effectiveness of our proposed algorithm.
I. INTRODUCTION
Due to the increasing complexity of the marine missions, e.g. search and rescue, explore unknown environment, or militarily operations, it is now reasonable to consider carrying out these complex missions by multiple marine vessels driven by coordination algorithms. Some of the recent advance in the area of coordination of multiple marine vessels are referred the work in [1] , [2] .
Synchronization is one of the fundamental problems in coordination control, whose aim is to reach an agreement regarding certain quantity of interest that relies on agents' self-dynamic states [3] - [6] . In the coordination of multiple marine vessels, we refer agents as marine vessels and the synchronization states can be vessels' velocities, orientations or even depth if considering submarines. The synchronization problem has been extensively studied from different view of points. In [7] , a distributed cooperative
The associate editor coordinating the review of this manuscript and approving it for publication was Liang Hu. attitude synchronization control approach was proposed and discussed. In [8] , [9] , the adaptive control scheme was introduced to address the motion synchronization problem of robots. In [10] , [11] , a distributed attitude cooperative control strategy was studied by using both cascaded system theory and graph theory. In [12] , both state-feedback and outputfeedback controller are designed to achieve synchronization motion as well as a virtual structure to address the leaderfollower scheme. In [13] , [14] , synchronization of multiple autonomous underwater vehicles was considered, in which a nonlinear observer was designed to estimate the unknown parameters of the follower. In [15] , [16] , [17] , synchronization of multiple robot manipulators with communication time delays is discussed. We note that the above literature lacks the consideration of unknown external disturbance, which is common when designing control algorithms for marine vessels sine their operation environment (the ocean) is complicated. Typical external disturbance can be result from ocean current, wind and wave. Though reasonable, it is definitely challenge to consider the synchronization problem of multiple marine vessels with the unknown external disturbance, due to the combination of nonlinear agent dynamics, distributed communication strategy and environment disturbance.
In this paper, we attempt to address this challenge problem by introducing a combined control strategy, where a disturbance observer is employed to estimate the unknown environmental disturbance, and a synchronization controller is designed to compensate the synchronization error between the vessels and the tracking error of the desired trajectory. The communication network is modelled by a weighted directed graph. Our proposed algorithms demonstrate robustness to constant time delays in the communication process. The main contributions of this paper are listed as follows: 1) We consider the situation that the external disturbance is unknown and time-variant, which differs our work from those work in [18] , [19] , where the external disturbance is modelled as a constant.
2) We model the communication network by a weighted directed graph, which reduces the usage of the wireless communication resource. Our analysis deals with the difficulties rose from the combination of direct graph (asymmetry structure), the unknown disturbance and nonlinear dynamics. This differs our analysis with those in [20] , [22] .
3) Our considered time delay is communication delay rather than input delay [20] , [21] , [23] . The exchanged information cannot reflect any instaneous states of the local network.
Our work is inspired by [24] , [25] , and the rest of this paper is structured as follows. Section II introduces the preliminary knowledge, including graph theory, the mathematical model of the marine vessel and its properties. Section III presents the main results of this paper, including observer design, synchronization controller design and the complete stability and robustness analysis. Section IV presents the performance of our proposed algorithms by using by using a four-vessel formation. Section V concludes this paper and indicates the future research directions.
II. PRELIMINARIES A. GRAPH THEORY
We model the network topology by a weighted directed graph G = {V , E}, which comprises the node set V (G) = {v 1 , v 2 , . . . , v n } and edge set E(G) ⊆ V × V . The edge set composes edges where joint nodes coming from V . A node in the graph represents a vessel. The edges represent the information exchange links among the vessels. Node j is a neighbor of node i, if (v j , v j ) ∈ E(G). Let the set of the neighbors of node i denoted by
Assume matrix A is the adjacency matrix of graph G, and
the graph is undirected. Otherwise, it is directed [26] , [27] .
B. MATHEMATICAL MODEL OF THE VESSEL
We assume that the marine vessel moves in a horizontal plane, for which its motion is considered having three DOFs: surge, sway and yaw. In the body-fixed reference frame, the 3-DOF kinematic model of the marine vessel with low-speed movement can be described as ( [28] )
where η = [n, e, ψ] T is the position and heading in the earthfixed reference frame, and v = [u, v), r] T is the surge, sway velocity and yaw angular velocity which are defined with respect to the body-fixed reference frame. M is a positive definite inertial matrix, and M = M T . D(v) is the damping matrix; C(v) is the Coriolis and centrifugal torque matrix; τ v is the control input and f v is external disturbance in the body-fixed coordinate system. R(ψ) is a rotation matrix, which illustrates the transformation relationship between the body-fixed coordinate system and the earth-fixed coordinate system that fixed to the marine vessel. R(ψ) is denoted as
Since R(ψ) is a rotation matrix, it is obvious that R −1 (ψ) = R T (ψ). Thus, the first part of equation (1) can be written as v = R T (ψ)η. The derivative of R(ψ) can be obtained by the angular velocitẏ
where, S(r) =
After the transformation from the body-fixed coordinate system to the earth-fixed coordinate system, we can obtain the motion mathematical model of the vessel in the earth-fixed reference frame, (1) rewritten as
where
The vessel model (4) holds the following fundamental properties [28] :
The inertia matrix M (η) is positive definite and bounded according to
Property 2: The damping matrix D(η,η) satisfies
is skewsymmetric, and yields
Remark: The first-order derivative and second-order derivative of variable x is denoted asẋ andẍ, respectively. And the change rate of the external disturbance with respect to time is assumed to be bounded, which implies f ≤ . is a positive constant
III. IIIMAIN RESULTS
In this section, we first design a disturbance observer to estimate the unknown time-variant disturbance. Then we propose a decentralized control law for each vessel such that tracking control with respect to a time-varying trajectory can be achieved. We verify the robustness of our algorithm by introducing communication delays.
A. UNKNOWN DISTURBANCE OBSERVER DESIGN
Inspired by [29] , a nonlinear disturbance observer is introduced to estimate the unknown time-variant environmental disturbance, which is constructed as followŝ
wheref is the estimation of the disturbance f ; b is a constant vector, and K is a positive definite diagonal matrix to be designed later.Ṁ (η) is first-order derivative of M (η) with respect to time. We define the estimation error of the observer as
Differentiating (10) with respect to the time results iṅ
Now we are ready for our main result for the observer Theorem 1: The disturbance observer (9) can ensure the disturbance estimation errorf exponentially converges to a ball, whose radius can be arbitrarily small by regulating K and β
Proof: The Lyapunov-like function is chosen as
Tf (12) whose derivative along the trajectory of (11) yieldṡ
where λ min (K ) is the minimum eigenvalue of matrix; β is a positive constant which satisfies
By observing equation (13), it is straightforward to obtain that the V obs exponentially converges to a ball with radius R = 2 / (8β(λ min (K ) − β)). Therefore, the error of the observer exponentially converges to a ball with radius
B. SYNCHRONIZATION CONTROLLER DESIGN WITH DISTURBANCE
The reference trajectory of the multiple vessels is denoted as η di (t), and the tracking error of the vessel is defined as
where j is a diagonal matrix to be designed. We then define the synchronization error e 2i of the i-th vessel as
where K ij is a positive diagonal matrix
and a ij is the element of the weighted adjacency matrix A. d ij is defined as:
Then the global error of the i-th vessel, which comprises the position trajectory error e 1i and the synchronization error e 2i , can be written as
The aim of the control input is to drive the global error to zero, according to which the control input τ i for the i-th vessel can be chosen as
Now the main result can be summarized as follows:
Theorem 2: Suppose that each marine vessel with dynamics (3) employs the controller (20) . For bounded initial conditions, the closed-loop errorsė, e, F are semi-globally uniformly bounded, and the position synchronization error e 2i and velocity synchronization errorė 2i , the trajectory tracking error e 1i and its derivative e 1 i are all semi-globally uniformly bounded.
Proof: By substituting (20) into (3) and, we obtain
Multiplying (22) by M
Moreover, equation (23) can be written as
By introducing (16), (24) can be rewritten as
Combining (15), (16), (19) and (25) yields
Then the compact form of the error dynamics (26) is formulated as follows
We need to adjust the values of
We then choose the following Lyapunov-like function
where K f , K e are positive definite matrices. According to (11) , the time derivative of disturbance estimation error of the whole system yieldṡ
The time derivative of V along the trajectory of (20) iṡ
Consider the following complete square inequalities [21] 
where ε 2 , ε 3 are positive constant. Then equation (30) can be rewritten aṡ
Then by adjusting the form of (32), which yieldṡ
Therefore, (34) yieldṡ
Defining µ as a new variable, which is
then (36) can be writteṅ
Substituting (37) and (38) into (36) yields
According to (40), we conclude that V (t) is ultimately bounded. Then all errors of the closed loop system are globally uniformly bounded and can be arbitrarily small, lim From the above analysis, it is known thatė, e, F are semiglobally uniformly bounded. Then it can be concluded that e 1i ,ė 1i , e 2i ,ė 2i are semi-globally uniformly bounded, which
with arbitrary accuracy.
C. SYNCHRONIZATION CONTROLLER DESIGN WITH COMMUNICATION DELAYS
We analyze the robustness of our proposed algorithm in this subsection. In the following analysis, we let T ij denotes the constant time delay and assume T ij = T ji = T , where indicates the signal was transmitted in an unit of time from the i − th vessel to the j-th vessel. We follow a classical communication delayed model of multi-agent in this section ( [24] , [25] ).The delayed synchronization error of the vessel is described as follows
The control law τ for the i-th vessel in the delayed network is designed as
Therefore, the compact from of system (2) with control input (42) is written as
where K p , K d , K a are the same matrices defined in the preceding part. By the Leibnitz formula, the error can be written as:
Combine (19) and (44), which leads tö
Theorem 3: Suppose that each marine vessel with dynamics (3), employs the controller (42) in a delayed network. For bounded initial conditions, the global error e will converge to zero as time t goes to infinity.
Proof: Consider the following positive definite candidate Lyapuno-like function
where P are positive definite matrices. Then the time derivative of the V yieldṡ
Via the characteristic of inequalities,(48) yieldṡ
By adjusting A, B, H , P, K to insure that (15), (19) with (41), it can be seen that the position converges to synchronization, which means lim 
IV. SIMULATION EXAMPLES
To validate the effectiveness of our proposed synchronization control algorithm, some simulations are carried out, the dynamic model of the marine vessel is chosen from [14] , namely CyberShip II. CyberShip II is a 1:70 scale supply ship, with length 1.3m and weight 24kg.The parameters of (1) 
n d1 = t, e d1 = 1000 sin( t 400 )
Assume the external unknown time-variant disturbances of the four vessels in the earth-fixed reference frame are similar to that mentioned in [24] When presenting the simulation for synchronization in the presence of communication delay, the communication delay are set as
The controller parameters as selected as follows
The simulation results are shown in FIGURE 2-FIGURE 17 . The trajectories of four vessels in the North-East coordinate as shown in FIGURE 2. By observing the trajectories of the vessels, it can be obvious that with the designed controller, the four vessels can follow the desired trajectory of tracking while maintaining the synchronization between the adjacent vessels.
Simulation results of the performance of the disturbance observer are shown in FIGURE 3-FIGURE 5. It can be seen from the three graphs that the disturbance observer can estimate the time-varying disturbance, which is very important for the design of the controller.
When the communication delays are not considered, the simulation results of the synchronization error between the adjacent vessels are shown in the following figures. And vesselij in the legend denotes synchronization error between vessel j and its neighbor vessel.
When considering the communication delays, the synchronization position error, synchronization heading error and synchronization velocity error are shown in FIGURE 12-FIGURE 17.
It can be seen that when considering communication delays, the synchronization errors between vessels eventually tends to zero, and the adjusting time maybe longer compared to without communication delays. And the designed synchronization motion controller is robust to constant communication delays.
V. CONCLUSIONS
In this paper, a robust control algorithm for synchronization of marine vessels under unknown time-variant environmental disturbance is presented, which has been proved that multiple vessels can achieve synchronization under certain conditions, despite coupling time delays. The control law comprises a disturbance observer and a controller. The observer is used to estimate the value of the unknown disturbance. The synchronization controller is designed to compensate the synchronization error between the vessels and the tracking error of the desired trajectory We have shown that the whole error of the closed-loop system is ultimately bounded and therefore, our proposed control scheme can achieve synchronization of vessels by selecting suitable control gains. In the future work, it is desired to carry out experiment to validate the control scheme, and it is expected that only position and yaw angle of the vessels are available, and it is useful to consider more external disturbance, such as hydrodynamic effects among vessels in close distance, measurement noise, and so on
